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C. K. Refer, D. A. Councc, P. E. Trujillo, Jr.;
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Los Aliunos Na[ionid Laboratory, Los Alamos, NM 87545

J. D. Wimdcr
Hcwlquurws Air Force Civil Engirwcring Support Agency

Tymhll Air Forw Base, FL 32403-6(M) I

ABsTRAcr

The destruction of cncrgctic matcriids, including propcllunts, explosives and pyrotechnics (PEPs)
by oxidation in supcrcritical wutcr is dcscrihcd. The focus is on the chemist.ry of the process. The
dcswuc[ion cfficicncics and produc[s of nwtion contained in Ihc aqueous and gaseous effluents of
scvertil rcprewnc.uiw PEPs am rvpmcd.

INTRODUCTION”

Triditionul mclhods for disposing of PEPs have hccn open burning or open dcmniuion (OB/OD);”
however, regulatory agcncics arc Iikcly to prohibit OB/OD hccausc of the uncontrollul air
emissions ml soil contaminu[ions. Likewise, controlled incincr~tion carries u Iiubility for air
pollution hccausc Iargc quantities of NOX arc pruduccd in the convcntinnul combustion chemistry
of PEPs. Soil :uId ground water have olrcudy hccn contumirmtcd with PEPs through normul
operations at manufucmring plants tind milimry htiscs. Incincrulion cun Iw used for
(lccontuminulion of [hc.scsoils. wi[h the wsociauxl Iiihlity for air pollution. hut fcw sutisfitctory
and cconornic mc[hods exis[ for ground wutcr dccontumintition. A clctir ncccl exists for improved
disposul and dcstmc[ion mctht~ds.
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capacities have also been proposed, in which a cylindrical hetit exchtinger and reaction vessel arc
placed in the ground by use of oil-field drilling and well-completion technc,logy. Operation of a
SCWCI unit for the trcti[merit of explosive wostes would need m k controlled remotely. The
demils for fIIll scale operation (site preparation, facility needs, utilities) will depend on the waste
bcin,g treated and the particular design of the reactor (i.e., tube, vessel, in-ground, etc.). A more
complele description of [he opcralion of full-scale SCWO units, including materitils throughput,
mass kdances, and equipment ksign, can be I’ound in seveml reporL$.4

Compared 10 other availublc tcchnologics, supcrcrilical water oxidation is applicable LOa broader
range of wtiste types. 1[con k used [o treat pure orgimics. contaminated soils and water, sludges,
and some inorganic. At prc,scnt, public concern should not delay obtaining operating permits.
The Comp]exily of the technology is comptirtibk m incineration so that with proper engineering and
process controls, quillill~d technicians should be uhlc m IWoperate and mainttiin m SCWO unit.

Incirwrdlion is ti non-spccilic dltcrnulc mclhod [or dcstroyirrg organic mulcrials, Incincralion can k
opcrutcd ut a rcl~livcly low cost, bu( rcquircrncnls Ior extensive emission controls and difficulties
associutcd with obtaining permits con negate pohmlial advantages. Supcrcritical water oxidation
likes place w a much Iowcr tcmpcrtimre (about 500” ‘C) than incincrution and in a completely
contairwd system. Almost no oxides of ni[rogcn are expected at the.se low temperatures, and the
cfllucnt is complckly contairwd and controlled. Supcrcritical water oxidation can be irpplicd m
water containing 20%1or kss organic waste. By comparison, incincratit-; ~ is no[ as cost cffcctivc at
[hc.sc concentrations. Cost cstimti[cs for developing tcchnolojgies, such as SCWO at full SCUIC,m
inhcrcndy unccr[ain and should k considcrul cautiously. The cost of SCWO of wostcs has been
cslimMx.1 in scvm.i] sludics.3T~ For trctiling a ton of dry organic malcriai, the COSLSarc estimated K)
bc Iwlwccn $300” und $6(X) pcr [on depending on the size of the SCWO trcatmcn[ unit,Q O[hcr
methods under dcvulopmcn[ [hot muy apply [o explosive wastes include oxidation by hydr(~gcn
peroxide and/i~r ozonu with UV rwliu[ion, ck{rochcmical oxidation, tind oxida[ion in molten salts.
In two-phu.sc sys[cms such irs these. concentration grudicnts across phase houndarics and mass
trtinsfcr cl”oxygen Iimi[ [hc r~[c und cxtcn[ to which compounds can k complckly destroyed. A
supcrrrilicirl !luid is single phww mtiking uomplutc mixing possible; thus, rcuction ru(cs arc no[
diffusion limiux.1, A prclimindry cost comptirison of Ihcsc oxidation proccsscs prcpurcd by the
Energy tind Envirot~mcntid Amrlysis Group tit Los Alamos N~tionill Laboratory cstimutcs tic costs
for [hc UV proccssc~ I“orcontaminu[eci wti[cr m 10 to 1(N)(imcs Icss pcr gu!lon of wa[cr [bun for
SCW(), Hovwvcr, Ihcsc [cchnologks urc limi[cci to low (c 1000 ppm) org:lnic conccntrotions.
Ctmcct-,mukd wiIs[cs w(wld mscd [() tw clilukxl. In irddititm, these mu[hods usuiIlly require spcciill
prclrulmcnl f)l”[hc WU,S[Cwtilcr. [hcrchy increasing costs,



demr-rnine the oplimum conditions for maximizing [he DREs, and to ensure safe operation.
Products of destruc[icm are identified tind measured. Experimental results are evaluated 10
determine whelher the reaction products arc environmentally acceptable. Corrosion studies are
underway to determine the suitability of various reactor materials. In addition, safety studies are in
progress to determine the detonation sensitivity characteristics of PEPs in supcrcritical water
systems.

EXPERIMENTAL APPROACH

This section describes the reactors used to destroy high energy materials through SCWO
processes, and the analytical methods used to measure product species. The specillc experimental
conditions under which the destruction measurements were performed will bc presented in the
results and discussion section.

Bench-scale linear flow reactors hove Iwcn dcvclopcd to destroy explosives in supercritical water.
A schemalic o; a lit-war 11OWreactor is shown in Figure 1. Solutions of oxidizer and/or explosive
arc introduced at high pressure into the rcuctor by constant flow, high pcrformanctm !i’:luid
chromatography pumps (LDC Anuly[ical, Constametric 32(M)). The explosives are typic;dly in
water at less than half their volubility limit or decomposed in witter as the result of prior hydrolysis
reactions. Check valves we placed in each Iirw to prevent hack streaming in case of pump faih.rrc.
Fuel and oxidizw- arc eilhcr premixed Iwfore being pumped or arc introduced separately. In either
case, mixing is cornplc[cd hcforc reaching (hc heated section of [he reactor. The central core of tlw
reactor is hcmcd to u controlled tcmpcralurc by six heaters in paridlel consisting of hollow brass
tutws wrtippcd with Mg02 insula[cd nichromc wir~. The tcmpera[ure is maintained by regulating
the current through [hc heating wire with Omcgu CN9000 series microprocessor temperature
controllers. T’lw tcmpcru[urc of c~ch of the.se heaters can hc varied indqendcndy; however, for all
cxpcrimcrus dcscrihx.1 in Lhis mpor[ the mmpcramrc of exh heated Seclion was kept the same. The
tcmpmlurc is monit(md with six K-[ypc (chrorncl-nickel), shcuthed thermocouples in C1OSC
proximi(y m the reactor core. A wutcr-coohxl heat cxchimger at the exit cools the reacted mix[urc 10
room lcmpcralurc, The COOICCIclllucnt is pitsscd through J 7 pm filter for removal of imy
ptirticulatc mat[cr Iwforu reducing tlw pressure to iunhicn[ with a Ict-down valve. Gas ml liquid
cftlucnLs U(amhicnl tcmpcmturc and pressure [hen enter iI gas-liquid ,scpiuulor.
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creating a static supercritica] region bclwecn Lhcliner and stiiinlcss core. The gold liner protccLs all
high temperiuure sections of the rcuc[or. All “taper seal” high pressure fittings, and mosl other
components obtained from High Pressure Equipment Co., are manu F~ctured from 316 stainless
steel and rated to a minimum of 4080 atm. The C-276 reactor core is 64 inches long by 0.083 in.
inside diameter (id), and the gold-lined stainless steel reactor is 55 in. x 0, 103 in. These
dimensions provide a hea[cd volume of 5.7 ml and 7.4 ml, rcspec~ively. Using an empirical
equation of state for supercritical waters wc eslimtite a residence time O( 5-150 seconds, depending
on I1OWrate (typical] y 1-8 grams/m in) and temperature (400-600” ‘C) witi a pressure of 340 awn.

We huw developed a variety of analytical approaches to quantifying residual energetic and
products of rctiction in the aqueous und guscous reactor effluents. The gaseous cffiuent is
primarily imulyzcd using Fourier-Trtinsform lnfri.md (ITIR) Spectroscopy. A proccdurc was
developed m quantify [hc conccntrtitiorr of Coz and Nzo ([he primary gas phase produc~.)
produced using ti 1 m path length CCII. Calitmtion curves for COZ and NzO were obtained by
measuring the fraction of infrwui light idworlwd by a series of known concentrations of C@ or
N-@ in the range cxpcctcd M tw pro(.luwd in SCWO reaclions. The dependence on corwcnlration
of the integrated absorbance of each of [hc Lwo major C02 lR ubsorptions (asymmetric OCO
swctch, 2350 cm- I and OCO bend, 630 urn-l) was ‘noniincar, exhibiting distinctive saturation
behavior over thu rtingc of pressures (concentrations) from (). 1 10 10 Lorr, a consequence of the
narrow Iirwwidths of the ro-vibrational Iinc and !hc limited (0.5 cm-l) rcsolutiml of the FTIR. The
rcsulling calibration datti were fit to a saturation function, y=iI( l-e-~P)+cP where P is the partial
pressure of the obsorhing gas. This tcchniqr.rc cnablud us to measure the gas pressure wi[h a
rcltitivc. stmdurd deviation of 3%, A UTI quadrupolc mi.ws spcc[romctcr is also used for dctcc[ion
of Hz, Nz, and 02. Ga,scous produc!s urc stimplcd on-line through a Icak valve. To ob[oin a
stctidy Icirk rtiLc, a cunstunt backing pressure of sample plus Hc buffer “us (600 torr total) was

kmaintai,wd. The pressure in [hc qr.udrupolc region was typicitlly in the 10-- (err range. Calibration
of this lcchniquc hus so far provu.1 dilliuul[ due m constantly chtinging backgrounds.

Analy,scs in the liquid phase included mmls, tmal orgurric curbon (TOC), totul inorganic curbon
(TIC), inorganic irnit~ns tind the subsm.rtc cncrgctics. MctiIls i.umly.scs for Cr, Ni, Fc, MO and Au
arc pcrforlmu.i on u Pcrkin-E!mcr inductively couplul plasmu spcctrophotomc[cr (lCP) using
iridium as tin in[crmd s[imdw-d. Tottil orgimic ctirhon (TOC) and [ottil inorganic carbon (TIC) urc
untilyzcd using u Roscmoun[ Dohrmann Model DC- 190 Carbon Antilyzur, Culihrutions itrc
pcrfomncd wi[h wwh SC[of sirmplcs using diffcrcnl ctmccnLrations O( s[andurdizcd pohssium ticid
phthirlti[c solu[itm. ln(~rgunic tinit)ns, purticulw-ly ni[rutc, ni[ri[c w-d chloridu, tire analyzed with u
Dioncx 45(loi Series l(m Chrt)mtit~~grtiph using u Diorwx lonPuc AS4A column wilh an clucn(
ct~nsis[ing t~t. 1.5 miM NuHC()~ i,md 2.2 mM Nu2C03, In mos[ cwses conductivity d~’[ccti[m is
used, hu[ u l.lV/Visihlc dclcclt)r SC[i.r[2 IS nm is USMIfor low ICVCISof ni[ratc und nih-itc. Truce
~moun[s (JI TN-r, PF.TN, HMX, NQ, und RDX urc unulym.1 by rcvcrsc phtisc liquid
uhr{)mu[t)grirphy 011 ihc Dionux 4500i.” Tlw liquid chromti[ogruph” uscs ir Wutcrs 490E
Pr(qyirmmahlc Mul[iwuvclcng[h Dctcc~(w [hut uI1OWSfor simultwwtws, multiwavclcng[h dc[cclion.
This fcuturc is pur[iculurly useful if intcrfcrcnccs arc present, since inlcrfcrcnccs usuirlly give
dlfltircnl signuls tit di(furcnl wfivclcngllls, All lhc.su compounds w unulyzcd using iI IS() mm x
2, 1 mm id CII! nw-row-h(wc COIUIIII1 [hul k slighlly hwitd I\Jr tcmpcrtiturc stuhility.

RHSULI’S AND DISCIJSSION
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TABLE I. Deswuction Efficiencies for Energetic Below Water Volubility Limitsa

~sqpETN HMX RDx NQ

Initial cone.

(mm) I
3.8 2.6 35.2 65.5 1700.

Destruction >0.98?5 >(),9900 >().9992 >0.9998
efficiency

>0.9999

%Imditions: 600 ‘C, 5500 psi; excess HZ02; 11 s residencetime; gold-linedreactor.

The initial conccntra[ions of the explosives were kept at less than half lheir room temperature
solubilities 10prevent precipitation and accumulation of explosive material in the feed lines leading
[o the reactor. Hydrogen peroxide was used us [he oxidizer and was mixed with the feedstock
containing explosives before the lluids were heated. In all cases the oxidizer was in M-l-fold excess
of the stoichiomclry required [o convert the explosive to COZ, H20 and Nz. The experimental
conditions for each of these explosives were nearly idc ~tical, with pressures of 340 atm, reac(or
temperatures of 6(K) ‘C and residence times of 11 seconds. The reactions were primarily run in the
gold-lined reactor to minimize the heterogeneous chemistry [hat might occur at. the reactor walls,
The only compound for which any reactor dependent chemistry has been observed is AP. No
significant diffcrcncc in DREs and products chemistry was observed for reactions of TNT, HMX,
and RDX in the C-276 and the gold-lined reactors. Wc concluau from these observations that
reactions wi[h the C-276 and stainless 316 walls must not bc signifkant for these energetic
materials. For lhc.sc “cxt-rcmc” conditions, d-waqueous eftlucnt contained no detectable amounts of
explosives. The dctcc[ion limit of the HPLC/UV-vis analysis ranges from 20 to 50 parts per
billion (ppb) depending on the compound. Con.scquently the measured destruction efliciencics
rcpreisen~ lower ]imiLs d~hwd hy the low starting ctm-ccnLr;tions and the detection limits.

N

L- N20

(’02 -A_&..J+.. N(J.— —A

I

I J’J”ukTNT
-! *.AA+.. ,, ,.-. , ., , .,,- . ..,7,..,. . . . - A

I~—....—. ~Dx —-A___
I , I I . I

6(M) 1(X)() I4(M) I tloU 2200”

Wilvmmdwr



m not delccled and arc Lhercforc Iwlow parls per mil!ion (ppm) lCVCIS(general] y below 0.170 d

the starling C and N). Additional producLs thtit arc likely to be produced in these reactions but
which cannot be quan[ificd by ITIR include Nz, Oz (no infrared active vibrations) and H2G
(swamped by large water background ihsorption).

The reactor effluents have been analyzed for carbon content and the results arc summarized in
Table II. The linal two columns lis[ the percentage of the starting C that is observed in the aqueous
effluent (as organic and inorganic C) nnd os ~OZ in the gaseous ctlluent. For PETN and HMX,
both lhe TJC and TO(2 quantities are “belo-.~delection kIiLS (O. 1 ppm). Detectable quantities of
organic cnrhml were round for RDX, TNT and NQ. Since in all of Lhese cases the substrate is
destroyed m levels well below the detection limi[s of [he HPLC analysis (10 ppb) and since no
volatile organics were observed in the FIIR analyses, [he observed organics must bc nonvolatile
rcac[ion producls such as formate or acetate. For the TNT reactions, grezter than 98% of the C
was detected as C02, with lhc remainder detccled as involatile organics in solution. The only
suhslrate to give significant TIC (cw-bonale or biuarbontilc; quantities is NQ. In this CMC, 83’% of
the C is detected as CO?2- or HCO~- while 15% is detected as gaseous COZ, itccounting for mosl
ofthe C.

—

TABLE H. Antilysis of Carbon Products in Etlluent Slreams for SCWO of Er-wrgcticsa

I Subslrate I [C]l b(ppm) TIC (ppm)~ T(IC (ppm)c % CWWUS % c~(_)2

PETN I 2 d d c1 81

HMX I 2 d d d 87

TNT I 24 ().2 !.7 8 98

RDX I 5.7 <(). 1 <(). 1 <4 98

N(.)
I

195 152 10 83 21

~~l[if,ns: .q~ o(’, 55~] psi: ~XCCSS I 1202: 1 I s rcsidcncc Iimc; gold-lined reacmr; ‘Initial cartwn
conccnmilion,; ‘1’1(!, ‘1’()[iil inorg:mic c:]rlxm, T(K, ‘1’otill organic ctih)l~; ‘Since starling conccnlra[ions
of PIY.N and 1IMX m -2-3ppm, rhc itnaly,ws (or TO(I and ‘IIC are hclow dctccmblc limits:

Reactor cfllucnLs htivc also hccn undyzcd for nitrogen content imd th; results arc summarizu.1 in
Ti.Iblc III. For PETN, HMX, find RDX, some N20 wos ohscrvcd in the FTIR spcctrti, hut
quimtitativc i.malysis showed Lhc timounls m bc Icss [ban ().5% O( the iniliid N, With cxccss
oxidan[, signi(icun[ tirnounts of ni[ri[c wld ni[ratc were ohscrvcd [or all subsu-atcs cxccpt NQ,
M~Mtof the dctcckxl N from NQ wus dc[clmincd to bc Nzo, Tnni[rotolucrw (TNT) prociuccd (hc
gmalcs[ (ruction (65%) 01 NOX-.

TABLE 111, Antilysis of Ni[rogcn Pr(ducts it] IWlucnt Slrctims for SCW() (i Encr wtic.sti

Suhstrtitc PETN HMX RDX

T

I’NT NQ

% N()~- IX.7 12.4 10. I 36.6 ().()3

(Z N()~- 6,() 5,3 14,1 28.5 ().()4

~ Nz() h h h 4.() 35



Effects of temperutue und oxidant concentration on SCWO of TNT. A large number of

experiments has been conducted on ‘TNT co determine the SCMTO chemistry as a function of
reaction temperature and oxidant concentration. In all cases, the TNT was destroyed to below
delectable limits of -10 pph, yielding a destruction efficiency of greater than 99.98%. The
product analysis results are summarized in Tab!e IV. The N@- and lNO~- values am listed as a
percentage of the starting nitrogen concentration. Similarly, the TIC and TO(2 values are listed as a
percentage of the starting carbon concentration. The ratio of Hzoz to TNT represents a
stoichiomcmic ratio based on compiete reaction of TNT with H202 m form. C02, H20, and N2.
The most efficient conversion of TNT to C02, as determined by FIVR analysis of the gas
production and by [he TIC and TOC analyses of [he aqueous effluents, occurs at the highest
temperature (600 ‘C) and the highest HZOZ concentration. These conditions also yielded the
highest concentrations or N@- and NOq-. In general, at lower temperatures and lower ratios of

H202:TNT, less N02- und NO~- arc observed. While these conditions do not compromise the
destruction efilcicncy of TNT, Lhcy tend [o leave more carbon in the aqueous cfllucnl. Much of
~his carbon appctirs M cw-bonale, however, which can bc removed by lowering the pH. The best
conditions for the destruction of TNT and anv or~anic bvmodticts wi[h minimum NO?- and NOq-
formation appr m be 600 ‘C and a 1:1 s[oicfiiom~tric ra~i’oof Hz@:TNT.

-&

TABLE IV: TNT SCWO products as a function of temperatt~r, md H202 concentration..-
Tcmp
(w)

400

500”

5(M)
6(M)

6(M)
6(M)

600”

6(H)

H20~:TNP %NOZ- %N03- Total 90TiC %TOC %Tota.1
%NOx- C

20:

():

20:

():

1:

11 30 41 4 18 22

18 () 18 14 28 42

26 51 77 4 II 15

In () 18 12 34 46

11 6 17 15 () 15

2: I 6 6 12 14 () 14

5: I 33 38 71 9 () 9
20: I 25 49 74 4 () 4

% [oichiomcmic rat io

Re[lttions of Atnnmniunt Perchlor[lfe (A P!. The chcmistrv of AP is uniuuc and conscuucndv is
di.scusswl tip~rulcly, Bcuuu,w of corrt~sion problcrns, mosi AP SCWO rc~ctions were p~rfor~cd
in the gold-linwl rctictor. Some wsults in the C-276 rcacmr w-c included for comparison. Sodium
hydrt~xidc WASulwuys tiddcti [() the AP solulions in d 1: I smichiornctry to ensure u net pi-l balance.
This is pw-[iuulwly imp(]rtimt I“t)rthe gold-lirwd rcitclor. where the prcscncc of u high Cl- ion
conccnlru[ion togcthtr with ~ low pH imd highly oxicii~,irtgconditions may result in the oxidwion of
the gold liner (u AuCl~-.
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between runs and the ‘flush’ solutions are included in the analysis. With this procedure a burst of
Cl- is generally otmcrved in lhe first or second flush sample as the reactor is cooled. The liquid
effluent also contains a small amount (<2%) of nitrogen as nitrite (NOZ-) and nitrate (NO~-). The
mass spectra indicated that both nitrous oxide (NzO) and oxygen (02) are produced, The amount
of N20 produced was quantified using the lTIR/White cell and Lppears to increase with increasing
[cmperature and AP concentration. Most of the N was not detected (for [he best case, 600 ‘C,
only 25% is detected) and likely occurs as N2. The FllR and mass spectrometric analyses of the
gaseous efiluent did not detect the presence of chlorine (C12), nitrosyl chloride (N~l), or nitrogen
dioxide (NOA).

TABLE V. AP SCWO Products as a Function of Temperaturea

I T (°C) I % clo~- % cl- % NOZ- % N@- % N20 %NH4+
I

4oo 100 0.0 0.3 0.0 0.0 95.()

450 95.5 6.9 ().8 0.3 1.3 85

500 46.() 16.() 0.0 2.0 13.6 40.0

550 ~,~ 17.0 0.0 2.() 23.1 O.(I

600 ().4 5.0 ().2 0.2 23,3 ().0

Kondilions: 0.1 M AP: quimolar Naoli: rcsittcncc rime varied from 11-52 s (600 -400 ‘C); flush bwween runs
nol analy~txl; gold-Iinul ruaclor.

Previous s[udies of the thm-nal decomposition of solid ammonium per-chlorate show that a variety
of products is Possible.b 13clow 300 ‘C, the equation

4 NI14C104 -) 2 CIZ + 302 + 81120 +2 N20

rcprcscnts [hc ~naiority O( the products. Al higher Temperatures more ni[ric oxide (NO) is
produced. Bc[wccn 350 ‘C und 450 ‘C gas onalysis of the products of Lhermal decomposition
gives

10 NI14(’K)4 -) 2.5 (!12 + 6.402 + 18.81120 +2 N2[) + 2.5 NOCJ + 1{004 + 1.5 lICI + 1.75 N2,

Thus the (lccompositiorr of AP in supercrilical water avoids the formation of the hazardous
producLs (C12, NOCI) fm-n-wdin thcrrnal decomposition.

Ak)vu 450 ‘C, ummonium pcrchloriitc dc[onatcs. The possibility of explosive energy release was
investigated. Conccn[rtitccl solutions of ammonium pcrchlor-aw ( 1.() M, 122 g/L.) were rapidly
hctitcd [O tcmpcwturcs over 6(N) ‘C M pressures ncur 340 ti[m in iI small hatch reactor. Neither
pressure m)r lcnlpcriIlurc [ri.insknLs indimliw of rupid energy rclcfisc WLI ob.served. The.sc r~msul[s
indici.rtc ,SCW() is. [hcrcfurc, m(w c(m[rt~llcd, i.e., safer [htin thermal decomposition.

Reactor Corrosion, Corrusi~~n of mcu.ils tind alloys tit high tcmpcra[urc and pressure is iIn
importtint issuu ftm tipplying supcrcri[icd fluid technology 10 [hc [rctilmcnl of hwwdous was[cs.
Corrosion muy in i’dc[k u cost-limiting fiictor for the .scalc-up to Iargc SCWO fucilitics. Corrosion
is inhcrct]tly clcctrochcmicd in n~turc. An undcrstunding of the (~xidalion-rcduc(ion” reaction
chcmis[:y in supcrcri[icol environments is csscn[ial for cvcntutil control of these corrosim
proccsscs. The m(~s[ corrosive suhstwwc wc h~vc run [o diltc is itmmoniurn pcrchlortitc. When
running AP in the’ (’-276 ulloy rcautor corrosion was iI problcm us wc first nt)[ul by the durk -
ct)l(wcd cl”llucn L Analy.ws LIrC prwcnkd in Ttiblc V1. Mosl umrosion products Iurrncd insoluble
stilts in supcrcriticul wulcr, While it wus gcncrti]ly pt~ssihlu to Ilush Ihc inst)lublc sails twi of the
rcuclt~r during IIw ct)i)l-down phusu, ttw rcul’lor uvcn[utilly plugged iInd could n{)l bc rc(lpcncd,
‘Ilu gold-]incd rcuc[t)r Wils built [i) ~void IIW,SCcom)sitm prthlcrns.

u



TABLE VI. Corrosion Products for SCWO of Ammonium Perchlorate

Reactor Au(ppm) Cr(ppm) Fe(ppm) Mo(ppm) Ni(ppm)

C-276 reactor --- 130.00 --- 54.00 39.00

IGold lined Stainless reactor 1622-()() 3.36 65.38 --- 55.04
(acidic) I

lGoldlinedS~inlessrcoc[orl () ().99 0.99 --- 3.73 I

We have rt,n AP in the gold-lined reactor in both alkaline and acidic solutions. Significant

corrosion is observed in acidic solutions of AP. At low pH, the oxidation of gold, AuO + Au+g +

3e- is activated. The oxidant could be NO~- produced in the decomposition of AP or the
pcrchlorate itself. The gold complexes wilh chloride ion and is dissolved into solution as AuC14-.
These reactions are analogous to the well known dissolution of gold in aqua regia. By raising the
pH, this corrosion pathway is blocked as shown in Table VI. What little corrosion we do see
probably occurred on exposed, hot stainless portions of the reactor. In contrast with AP, other
explosives have exhibited very little corrosivity.

CONCLUSIONS

In genera!, the chemisuy of oxi&tLion of energetic materials in supercntical water is very similar to
that found previously for other CIUSSCSof organics. We have established conditions for \vhich tic
hydrocarbon elements of all the enurgetic compounds investigated thus far are completely oxidized
to CO. and HzO. The temperature, msidencc time and oxidam concentration necessary to achieve
complete oxidation vary, depending on the nature of the energetic material. Our results indicate
that complctc oxidtition is always achievable using ex:css oxidant and operating the linear reactor at
6(K) ‘C (11 s residence time). Reasonable curbon baionces are obtained for all the energetic
materials investigated under these conditions, includil’~ PETN, HMX, TNT, RDX, and NQ.
Most of the cadmn is dctectcd as C02, with some small fraction remaining in solution as inorganic
carbon (C032- or HC()~-), The exception is NQ, which produces large quantities of inorganic
carbon. The conditions tha[ produce these results were deliberately “extreme” to ensure complete
oxidation. Wc have no[ tidequu[c]y explored the dcpcndcncc of the chemistry on oxidant
conccn[ra[ion und tcmpcra[urc to dc[crrrlinc optimum conditions. Millimizfition of oxidant
conccntrution is important since [hc oxidant represents a large fraction of the proucss cost and if
prcscn[ in excess may cnbancc corrosion or ctiuse the formation of undesirable producls.
Funhm-more, wc have very li[dc data t’ororw variable, the rcuctor rcsidcncc lime. IAN “cxtrcmc”
condiliorrs (e. g., 1OWW-tcmpcrtilurcs and 1:1 oxidant s[oichiomctrics) may be sufllcicnt to ochievc
complclc oxidation given Iongcr rcsidcncc limes. Without oddccl oxidant. producLs of incornplctc
oxidation were t~ftcn ol-wcrvcd, including C(), CH4 tind HCN.

Tlw nitr(~gcn chcmis[ry 01-cncrgctics is considcruhly mow cornplica[cd, vm-ying widely depending
on the nu[urc ol” the. storting mu[cri~l. The nitrogen is ulwuys distribu[cd ~mong u group O(
pr~duct,s, N~. NP(), N02- tind Floq-, htiving I’orrnd oxidation SUIICSo!’ N vurying from 3- I() 6+.
Quunli[ulivu di.It~ huvc Ixxn ohttiincd (or ull producls cxccpt N2. The Iuucr is implicti[cd us the
m~lor N produc[ in many t)l [hc rcuc[ions hy climin~lion O( other possible producLs. Quolitativc
da~ (Mass Spectroscopy m-d GM Chromumgruphy) inciicutc N2 production in the cwsc of NM, NQ
and TNT. No obvi~)us c(~rrclu[ion exists hc[wcun the ni[rogcn conr.cn[ or [hc typu of nitrogcrr
groups (e.g., Noz or NH2 grt~ups) 01”a purticulw cncr,gctic ma[crial and the (.lis[rihu[ion o(
nih-ogcn products (N2, N~(), N02- and N()~-). [t is possihk, howuvcr, 10 vw-y the distribu[i{m ol”
pr(ducls in L$c dilTcrcnt oxiduli(m stales hy vtirying thu tcmpcrulurc WM.I the oxidunl uonccnlrali~m.



The clearest example of [his [unability is NOX- production in the reactions of TNT. When a large
excess of oxid:’nt is employed at &)() OC,a significant fraction of the initial N (74%) is converted m
NOX-, This fraction is much less (12%) for a small (5-fold) excess of oxidant and yet complete
oxidation of the carbon still occurs. The same trend is observed for the oxidation of RDX with
excess H202 (10% NOg-) and with oxygen balance (no N03-). These results indicate that
significant control over [he oxidation chemistry is possible through the precise tuning of reaction
parameters.

The destruction chemistry of AP in SCWO is unique among the energetic mawrials since AP has
no carbon, and is a strong oxidanl. The chemisuy is best described by (he following equation:

NH~CIO~ + NaO[-1 + NaCl + 2.5 H20 + ().4 N2 + ().1 N20 + 1.202.

Conditions have been de~rmincd for which 99.6% of the C104- is destroyed. The Cl is convcrtcd
to Cl-, formally rcduccd from 7+ 10 1‘, and excess oxygen is produced in the reaction. Further
evidence for ~hc highly oxidizing na[ure of this reaction is provided by the strong oxidative
corrosion of the C-276 ond 316 stainless reacmrs. The addition of reducing equivalents, in the
form of a fuel such as d hydrocarbon, may improve the destruction of AP as well w reduce the
reactor corrosion. The nitrogen is distributed between Np and N20, with no formation of higher
oxides or NOX-. In conmust 10 Lhcrmal decomposition of solid AP, no harmful produc~s such as
Clp or NOCI arc formed in tic SCWO reactions.

A critical issue for praclical opplicution of tin SCWO prmxss 10 he treatment of energetic materials
is reactor wear ctiused by corrosion. Corrosion of Lhc C-276 ruwtor by mos[ of lhc mwrgctic
materiuls does no[ appear to he u problcrn. The exception is AP, which caused severe corrosion of
the C-276 and 316 stuinlcss rcacmrs. For Iabommry scale reactors, this problcm has been solved
by the use of a gold Iincr in [he SCW region, which reduces corrosion to acceptable Ievcls.
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